The purpose of this in vitro study was to evaluate the bonding durability of three self-adhesive resin cements to titanium using the Highly Accelerated Life Test (HALT). The following self-adhesive resin cements were used to bond pairs of titanium blocks together according to manufacturers' instructions: RelyX Unicem, Breeze, and Clearfil SA Luting. After storage in water at 37°C for 24 h, bonded specimens (n=15) immersed in 37°C water were subjected to cyclic shear load testing regimes of 20, 30, or 40 kg using a fatigue testing machine. Cyclic loading continued until failure occurred, and the number of cycles taken to reach failure was recorded. The bonding durability of a self-adhesive resin cement to titanium was largely influenced by the weight of impact load. HALT showed that Clearfil SA Luting, which contained MDP monomer, yielded the highest median bonding lifetime to titanium.
INTRODUCTION
A mandatory prerequisite of fixed prostheses is that they should be sufficiently rigid and strong to withstand functional masticatory forces.
In contemporary dentistry, titanium has become increasingly popular as a suitable alternative to noble alloys because of its many advantages: superior biocompatibility, good mechanical properties, high chemical inertness, and excellent corrosion resistance [1] [2] [3] [4] . Titanium has been indicated for use in a wide range of prosthetic applications: metal frameworks for fixed or removable partial dentures, full crowns, multiple-unit prostheses, adhesive prostheses, and root canal posts [5] [6] [7] . A key problem which mars the performance of high-strength titanium is its debatable bonding durability to resin cements [1] [2] [3] . Many studies have investigated the bond strength of luting materials using static monotonic tests such as shear bond tests [8] [9] [10] and tensile bond tests 11, 12) . However, the mode of these tests does not correspond to the type of forces encountered in the mouth, which are cyclic forces that occur during both mastication and non-masticatory times, often at night. In static monotonic tests, bond failure by fatigue loading is determined by many factors such as load frequency, stress level, and sample geometry. However, cyclic forces result in failure by fatigue that is a different mechanism to the straightforward crack growth caused by monotonic tests.
To evaluate bonding durability, long-term water storage 13) , thermal cycling, and cyclic impact loading 14) are the most commonly used techniques to simulate aging of resin bonds and to stress the luting interface. However, for many adhesive luting cement materials, the service life under normal physiological conditions is too long for any feasible longevity testing under those conditions to be carried out. Highly Accelerated Life Test (HALT) 15) is a test in which the applied stress exceeds that encountered in field operation, but is still below the technological limits. Traditional life data analysis involves analyzing timesto-failure data obtained under normal operating conditions to quantify the life characteristics of a product. In many situations, and for many reasons, such life data (or times-to-failure data) are very difficult to obtain under normal conditions. Given this difficulty, and the need to observe failures of products to better understand their failure modes and their life characteristics, reliability testing methods were devised to force these products to fail more quickly than they would under normal use conditions. In other words, these methods aimed at accelerating the failures of these products. In this study, we aimed to achieve the failures of specimens within a shortened time span without altering the involved failure mechanism. Figure 1 schematically shows the process involved with extrapolating from overstress test data to normal use conditions. Different models (i.e., linear, exponential, etc.) are used for different types of accelerated stresses (such as load, voltage, or temperature). For example, a simple linear model would generate different mappings for each slope value because an infinite number of lines could be drawn through a point. Testing specimens of a product at two or more different stress levels would allow better fitting of the model to the data. Apparently, the more points there are, the better it would be in correctly mapping these particular points or fitting the model to In vitro evaluation of the bonding durability of self-adhesive resin cement to titanium using highly accelerated life test the data. Such testing might save time, effort, and cost compared with testing under normal conditions. However, a survey of published literature showed that neither HALT nor any such accelerated stress testing has been applied to evaluate the durability and fatigue life of resin cements to titanium.
Despite the many studies conducted on resin cementtitanium interface, the fatigue nature and the factors that cause interfacial debonding failure remain unclear. Besides, most studies have focused on static tests which neglected dynamic bite forces that might be of clinical significance. In this study, we sought to identify a new method that could effectively evaluate the durability and fatigue life of resin cements bonded to titanium.
Of late, so-called universal, all-purpose, or multipurpose self-adhesive resin cements have become available in the dental market.
These products purportedly bond to enamel, dentin, metal, and porcelain [16] [17] [18] [19] . In this study, HALT was used to evaluate the bonding durability of three self-adhesive resin cements to titanium and the influence of cyclic impact load on bonding durability. All fatigue experiments were conducted with specimens immersed in water and under cyclic loading, simulating the conditions encountered in the mouth during mastication.
MATERIALS AND METHODS

Preparation of bonded titanium block specimens
Pure titanium (99.9 wt% purity; T-Alloy, GC Corp., Tokyo, Japan) was used to fabricate 135 pairs of pure titanium blocks, 10×10×20 mm and 10×10×10 mm, for this study. Titanium block surfaces were groundfinished with 600-grit silicon carbide abrasive papers (DCCS, Sankyo Fuji star, Okegawa, Japan) under watercooling. They were then rinsed with acetone and ultrasonically cleaned (SUC-60, Shofu, Kyoto, Japan) in distilled water for 15 min. Pairs of titanium blocks were randomly divided into three groups according to the three self-adhesive resin cements used in this study. Pairs of titanium blocks were cemented under a load of 147 N (which corresponded to a mass of 15 kg) for 15 min. This helped to ensure that applied pressure was standardized for all bonded specimens. Excess resin cement was carefully removed using a laboratory knife. Resin cement was photopolymerized with a LED photopolymerization unit (G-Light, GC Corp., Tokyo, Japan; 1200 mW/cm 2 light intensity) for 20 s from each direction. All bonded specimens were stored in water at 37°C for 24 h. Figure 2a shows the customized fatigue tester specially constructed for this study. The supporting metallic jig and a schematic diagram of the fatigue tester are shown in Figs. 2b and 2c respectively. Maximum applied load varied from 3 to 50 kg. Cycle frequency was fixed at 75 cycles/min, vertical movement was 6 mm, and descending speed was 30 mm/s. The fatigue tester was equipped with an independent counter which would automatically stop when a specimen fractured. In this way, the counter recorded the number of cycles that caused specimen failure.
Cyclic load testing
With the bonded specimen immersed in 37°C water, it was subjected to a cyclic shear load testing regime of 20, 30, or 40 kg using the fatigue tester (n=15 per resin cement per cyclic loading regime of 20/30/40 kg). Cyclic loading continued until specimen failure occurred, and the number of cycles to failure was recorded from the counter.
If a specimen survived, the test would nonetheless be halted after 1 million cycles.
With three types of resin cements (RelyX Unicem, Breeze, and Clearfil SA Luting) and three cyclic loading conditions (20, 30 , and 40 kg), this study comprised a total of nine test groups with 15 specimens in each group.
Statistical analysis
As data were not normally distributed in some groups, non-parametric testing was carried out. Kruskal-Wallis test followed by Mann-Whitney U test were used for the comparisons of differences in medians. Significance levels were adjusted with the Bonferroni-Holm correction for multiple testing. All hypothesis testing was conducted at 95% level of confidence. Data were analyzed using a statistical software, SPSS 12.0 (SPSS Inc., Chicago, USA).
Life data analysis
Life data analysis was performed using S-PLUS version 8.0 (TIBCO Software Inc., CA, USA) and S-PLUS Life Data Analysis (SPLIDA) version 6.8.6. SPLIDA was a collection of S-PLUS extensions (GUI and commands) for the analysis of reliability data. It was also capable of analyzing censored life data and HALT data 20) .
Weibull Distribution
The Weibull distribution is one of the most widely used lifetime distributions in reliability engineering. It is a versatile distribution that can take on the characteristics of other types of distributions, based on the value of the shape parameter (β). In this study, a two-parameter Weibull distribution was used to model the lives of specimens whose failure modes are of a fatigue-stress nature. The two-parameter probability density function (pdf) is given as follows:
where η is defined as the cyclic impact bearing capacity of the specimens at 63.2% failure probability. Reliability is defined as the Weibull modulus β which corresponds to the slope of regression line in a cyclic impact bearing capacity-failure probability logarithmic diagram. 2. Inverse Power Law (IPL) IPL was used for failure mechanisms related to mechanical fatigue. In this study, the relationship between lifetime and the number of cycles to failure is given as follows: 
where L represents a quantifiable life measure, such as mean life, characteristic life, or median life. V represents the load level in kilograms. K and n are IPL model parameters to be determined, hence they are dimensionless.
The IPL-Weibull model was derived by setting η = L(V), yielding the following IPL-Weibull pdf:
This was a three-parameter model: β, K, and n were the three parameters. Although this model offered more flexibility, it also required more laborious techniques for parameter estimation.
However, the IPL appeared as a straight line when plotted on a log-log paper. The equation of the line is given as follows:
The slope −n and intercept −ln(K) of this line were the parameters of the life-load relationship. Life-load curves (log-cycles vs. log-load) were plotted. The median life of cyclic loading at 98 N (10 kg) and a 90% two-sided confidence interval was estimated. 3. Failure mode analysis Debonded titanium blocks (test piece B in Fig. 4a) were examined using an optical light microscope (Leica MZ7.5, Leica Microsystems, Wetzlar, Germany) at 25× magnification. In this study, more failures occurred at test piece B-cement interface than at test piece A-cement interface.
Failure types were categorized according to the modified Adhesive Remnant Index 21) as follows -Score 0: Less than or equal to 10% of the surface was covered with cement; Score 1: 10-50% of the surface was covered with cement; Score 2: 50-90% of the surface was covered with cement; and Score 3: 90% or more of the surface was covered with cement.
RESULTS
Life data analysis
Apart from showing the values for Weibull parameters β and η, Table 2 also shows the median numbers of cycles to failure for the three cyclic impact loads of 196 N (20 kg), 294 N (30 kg), and 392 N (40 kg), and the corresponding median lifetimes. Among the three selfadhesive resin cements, the number of cycles to failure at 196 N (20 kg) for Clearfil SA Luting was significantly higher than RelyX Unicem and Breeze. Kruskal-Wallis test revealed that the number of cycles to failure was significantly influenced by the dual factors of resin cement and cyclic impact load (p<0.05). Figure 3 presents the Weibull probability plots for the three loads with each resin cement. On each of these Weibull probability plots (Figs. 3a-c) , the greater the x coordinate, the greater was the number of cycles to failure before fracture (corresponding to Weibull parameter η). The x coordinate value at the top of each probability plot was the natural log value of the number of cycles. Table 3 presents the estimates determined for IPL model parameters K, n, and β, as well as the median lifetimes of the three resin cements at the cyclic impact load of 98 N (10 kg). Life-load plots were used for estimating the parameters of life-load relationships. Figures 3d-f present the life-load curves of the three resin cements and their median life spans at 98 N (10 kg). It was estimated that Clearfil SA Luting could reliably survive more than 10 6 cycles at 98 N (10 kg).
Failure modes
For Clearfil SA Luting specimens, cohesive failure within resin cement (Score 3) was the prevalent failure mode whereas interfacial failure (Score 1) was the least encountered failure mode. As seen in Table 4 , Score 3 The IPL appeared as a straight line, ln(L) = −ln(K) −nln(V). −n and −ln(K) are the slope and intercept of this line respectively. Median life provides a measure of the average cycles to failure.
registered the highest incidence of failure (24 specimens), followed by Score 0 (10 specimens), Score 2 (9 specimens), and Score 1 (2 specimens). On the contrary, interfacial failure was the prevalent failure mode for RelyX Unicem and Breeze specimens. 
DISCUSSION
In cyclic loading tests, resin cement failure by fatigue is largely affected by sample size and geometry; in the mouth, resin cement failure occurs because of failure to Table 4 Modified Adhesive Remnant Index scores for the resin cement surface at three impact loads. Score 0=10% or less of the surface was covered with cement; Score 1=10-50% of the surface was covered with cement; Score 2=50-90% of the surface was covered with cement; Score 3=90% or more of the surface was covered with cement. withstand cyclic loading caused by both masticatory movement and non-masticatory movements such as bruxism. Average applied load in bruxism has been given as 220 N (22.5 kg, with a standard deviation of 13.0 kg) 21) . Voluntary bite force during daytime has been reported to reach a peak value of 774 N (corresponding to a peak load of 79.0 kg) 22) . When distributed over a number of worn teeth, each individual tooth would be applied with a stress level much lower than 774 N. This meant that the mean masticatory force applied upon each tooth would range between 70.6 and 146.1 N, as reported by Anderson 23, 24) . The applied load of 10 kg (98 N) in this study thus lay within this mastication force range 23, 24) . Cycle frequency was fixed at 75 cycles/min in this study. This loading frequency applied using our customized fatigue testing machine also lay within the masticatory rate range of 60-120 strokes per minute as reported by Graf 25) . A rough estimate of a component's lifetime can be obtained through short-term accelerated testing under extreme stresses (such as HALT) 26) . For life data analysis, the Weibull distribution is widely used because of its versatility. Depending on the values of the parameters, the Weibull distribution can be used to model a variety of lifetime characteristics of a dental material. In this study, the shape parameter, β, defined the shape of the pdf curve; the scale parameter, η, defined the cyclic impact bearing capacity of the bonded specimens at 63.2% failure probability. The values of β and η parameters were examined on their effects upon the durability distribution characteristics of three selfadhesive resin cements used in this study. To describe the life-stress relationship, the IPL model was used since it is commonly used for non-thermal accelerated stresses 26, 27) . A relationship between fatigue stress and fatigue-life results was observed for all the three resin cements in this study.
Clearfil SA Luting-based specimens presented the highest number of cycles at the three cyclic impacts loads of 20, 30, and 40 kg, as well as the highest estimated value at 98 N (10 kg). This meant that when stress level was 98 N (10 kg), Clearfil SA Luting specimens could reliably survive more than 10 6 cycles. Nonetheless, resin-bonded joints can withstand occasional peak loads well exceeding 98 N (10 kg). It has been demonstrated that a thin oxide film produced by the atmosphere on pure titanium enabled monomers derived from phosphoric acids to produce strong adhesive bonds 28) . The safe life of a material is related to its asymptotic behavior, and many materials display a fatigue limit or endurance limit at a high number of cycles (typically >10 6 ) under benign environmental conditions. The S-N curve is generally limited to 10 6 cycles 29) , and according to the ASTM standard a horizontal asymptote allows one to determine a fatigue limit value for an alternating stress between 10 6 and 10 7 cycles. Beyond 10 6 cycles, the fatigue life of the material is considered to be infinite.
Like metals, polymers can deform plastically and fail under cyclic loading. Failure usually occurs not by propagation of a single crack through the material, but by accumulation of damage. Damage in the adhesive bonding of a resin cement to titanium usually starts with local detachment of the resin cement from the titanium substrate at weak points. It might take only a few cycles to cause fatigue in the resin matrix. Fracture then initiates at interface edges, consequently leading to microcracks on the resin cement. As a result, the resin cement becomes increasingly damaged, which is manifested as a reduction in bond strength 30) . Cracks can form in the cement layer in different ways, depending on the weight of impact load. The bigger the impact load, the longer the microcracks. When the number of microcracks becomes so large that they coalesce, the material would finally fracture. Striated cracks were observed on Clearfil SA Luting resin cement in Figs. 4b and 4c . The debonded surface of 196 N (20 kg) had shorter and denser striated cracks than that of 294 N (30 kg). As for the microcracks caused by 294 N (30 kg) impact loading, they coalesced more easily with each other than those caused by 196 N (20 kg).
Under cyclic loading, microcracks can form and grow even when the loads are comparatively small. Subsequently, these microcracks grow sufficiently to coalesce with each other. On the other hand, if the impact load exceeds a certain limit, irregular cracks will be formed, resulting in mixed failure and adhesive failure. Therefore, in Fig. 4d , the debonded surface for 392 N (40 kg) presented some immethodical cracks.
Clearfil SA Luting contained MDP (10-methacryloyloxydecyl dihydrogen phosphate) in its composition. It has been reported that MDP-containing primers produced effective and durable bonding between resin cements and titanium 31, 32) . In this study, Clearfil SA Luting yielded the highest median bonding lifetime to titanium, which was significantly different from RelyX Unicem and Breeze. Thus, results of this study agreed with the reported findings 31, 32) . Interestingly, although RelyX Unicem contained phosphoric ester monomer, it exhibited significantly different durability and failure behaviors from Clearfil SA Luting. This could be attributed to a difference in the concentrations of the chemicals or due to other chemical composition details. More detailed studies would be conducted in the near future by the authors of this paper to investigate and elucidate these observed differences.
CONCLUSIONS
The following conclusions were drawn from this in vitro study:
1. Bonding durability of self-adhesive resin cement to titanium was largely influenced by the weight of impact load.
Highly Accelerated Life Test (HALT) showed that
Clearfil SA Luting, which contained MDP monomer, yielded the highest median bonding lifetime to titanium.
